Introduction
============

Radiation has been widely used to treat common central nervous system (CNS) cancers, particularly glioblastoma multiforme, with or without chemotherapy \[[@B2],[@B6]\] and for supportive treatment of spinal cord injury in animals \[[@B23]\]. Although CNS tissues are considered radioresistant \[[@B18]\], radiation induces increased permeability of the blood-brain barrier, edema in the early stages of therapy \[[@B12]\], astrogliosis in the later stages of therapy \[[@B10]\], and apoptosis and proliferation of glial cells \[[@B1],[@B10],[@B22]\]. Furthermore, it is known that radiation increases the expression of intercellular adhesion molecule-1 in astrocytes, which facilitate the inflammatory process \[[@B13]\]. It was recently demonstrated that radiation-induced activation of microglia stimulates astrogliosis in the rat brain, indicating the increased expression of glial fibrillary acidic protein (GFAP) \[[@B8]\].

Caveolins are oligomeric proteins of 22-24 kDa, and present in plasma cell membrane, mitochondria, endoplasmic reticulum, the Golgi/trans-Golgi network, and secretory vesicles. They play a critical role in normal vesicular transport, cholesterol homeostasis, and signal transduction, and are also associated with several human diseases, including multiple myeloma \[[@B7],[@B15],[@B19],[@B21]\].

During the pathological process in the CNS after irradiation, it is possible that a variety of lipid raft proteins, including caveolin-1, is activated; these proteins subsequently mediate intracellular signaling. Caveolin-1 is the principal structural and functional component of caveolae, a plasmalemmal compartment that has been proposed to sequester lipid and protein components that participate in a variety of cellular functions, including signal transduction, lipid metabolism, cell proliferation, and apoptotic cell death \[[@B4],[@B9],[@B14],[@B20]\].

Although many death-related signals have been studied in the CNS tissues after irradiation, the changes of the lipid raft proteins, including caveolin-1, after irradiation have not been clarified in the CNS, particularly in the spinal cord. The goal of the present study was to evaluate whether the expression of caveolin-1, a lipid raft protein, was affected after irradiation in the CNS, particularly in the spinal cord, with special reference to the hypertrophy of astrocytes.

Materials and Methods
=====================

Animals
-------

Sprague-Dawley rats were purchased from Daehan Biolink (Korea) and bred in our animal facility. Five- to six-week-old male rats weighing 121.1 ± 19.2 g were used throughout the experiments. The animals were housed in cages in a standard barrier facility and maintained on a 12-h light:12-h dark cycle at 23℃. The research was conducted in accordance with the internationally accepted principles for laboratory animal use and care, as found in the NIH guidelines (USA).

Irradiation
-----------

Irradiation was carried out using a ^60^Co γ-ray source (370 TBq; Co-60 Irradiation Facility, Applied Radiological Science Research Institute, Cheju National University, Korea). Animals were anesthetized with chloral hydrate (375 mg/kg body weight, peritoneal injection), and the whole bodies of the rats were irradiated, each with a single dose of 8 Gray (Gy). Groups were subsequently killed on days 1, 4, and 9 PI (*n* = 5 per each time point), respectively. Control animals were not irradiated.

Tissue sampling
---------------

In order to study the expression of caveolin-1 in the spinal cords, tissues were sampled on days 0 (control), 1, 4, and 9 PI (*n* = 5 per each time point). The spinal cords were removed and frozen at -70℃ for protein analysis. Some pieces of spinal cords were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) at pH 7.4. Specimens were processed using standard paraffin embedding methods, and were cut to a thickness of 5 µm for routine hematoxylin-eosin staining and immunohistochemical studies.

Antibodies and antisera
-----------------------

The specificity of rabbit polyclonal anti-caveolin-1 (N-20) (Santa Cruz Biotechnologies, USA) has been well characterized by the manufacturer. The N-20 was an affinity-purified rabbit antibody raised against a peptide mapping at the N-terminus of caveolin-1 of human origin according to the data sheet supplied by the manufacturer. Mouse monoclonal anti-GFAP (Sigma, USA) was used for the detection of astrocytes. Mouse monoclonal anti-beta actin was also obtained from Sigma (USA).

Immunoblotting
--------------

Spinal cords were homogenized in lysis buffer (40 mM Tris, 120 mM NaCl, 0.1% Nonidet P-40, 2 mM Na~3~VO~4~, 1 mM phenylmethylsulfonyl fluoride, 10 µg/ml aprotinin, 10 µg/ml leupeptin) with 20 strokes in a homogenizer. The homogenates were transferred into microtubes and centrifuged at 12,000 rpm for 20 min; the supernatant was then harvested.

For the immunoblot assay, supernatant containing 20 µg of protein was loaded into each lane of a 10% SDS-PAGE gel and transferred onto a nitrocellulose membrane (Schleicher & Schuell BioScience, USA). The residual binding sites on the membrane were blocked by incubation with 5% nonfat milk in Tris-buffered saline (TBS; 10 mM Tris-HCl \[pH 7.4\] and 150 mM NaCl) for 1 h and then incubated with each primary antibody, including anti-caveolin-1 (1 : 1000) and anti-GFAP (1 : 20,000), for 2 h. The blots were washed three times in TBS containing 0.1% Tween-20, and were then probed with appropriate secondary antibodies including horseradish peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG (Vector, USA) for 1 h. The blots were developed using enhanced chemiluminescence (ECL) reagents according to the instructions of the manufacturer. After visualization with ECL, the antibodies were stripped from the membranes, which were reprobed with monoclonal anti-beta actin antibody (Sigma, USA). The density of each band obtained by Western blot analysis was measured with a scanning laser densitometer (GS-700; Bio-Rad, USA) and analyzed using Molecular Analyst software (Bio-Rad, USA). The ratios of caveolin-1/beta-actin were compared. The results were analyzed statistically by one-way ANOVA followed by the Newman-Keuls test. In all cases, *p* \< 0.05 was considered significant.

Immunohistochemistry
--------------------

After deparaffinization and hydration, the sections were treated with 0.3% hydrogen peroxide in deionized water for 20 min to block endogenous peroxidase. Some paraffin sections for anti-caveolin-1 immunostaining were boiled in 10 mmol/L sodium citrate (pH 6.0) for 10 min at 95℃. After three washes with PBS, the sections were exposed to 10% normal goat serum and then incubated with each primary antiserum including rabbit polyclonal anti-caveolin-1 (1 : 200) for 1 h at room temperature. After three washes, the appropriate biotinylated secondary antibody and the avidin-biotin-peroxidase complex (ABC) from the Elite kit (Vector, USA) were added sequentially. Peroxidase was developed with a diaminobenzidine tetrahydrochloride (DAB) substrate kit (Vector, USA). The sections were counterstained with hematoxylin prior to mounting.

For double-staining of two antigens in the same section, double-immunofluorescence was applied using fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit IgG (1 : 50 dilution; Sigma, USA) and tetramethyl rhodamine isothiocyanate (TRITC)-labeled goat anti-mouse IgG (1 : 50 dilution; Sigma, USA) secondary antibodies in order to co-localize caveolin-1 and GFAP (1 : 800) in the same cell.

Results
=======

Increased expression of caveolin-1 in irradiated spinal cords assessed by Western blot analysis
-----------------------------------------------------------------------------------------------

Western blot analysis of caveolin-1 showed that the expression of caveolin-1 significantly increased (fold increase \[mean ± SE\]: 4.1 ± 1.9, *p* \< 0.05) at day 1 PI compared to those of normal spinal cords, and returned to the level of normal controls at days 4 and 9 PI ([Fig. 1](#F1){ref-type="fig"}). This finding suggests that caveolin-1 is constitutively expressed in the normal spinal cord of the rat, and that it transiently increases in the spinal cord following irradiation.

Increased expression of GFAP in irradiated spinal cords assessed by Western blot analysis
-----------------------------------------------------------------------------------------

Western blot analysis of GFAP expression in the spinal cords of normal and irradiated rats is shown in [Fig. 2](#F2){ref-type="fig"}. GFAP immunoreactivity was significantly increased at day 1 PI (1.51 ± 0.06, *p* \< 0.05) and day 4 PI (1.99 ± 0.2, *p* \< 0.01) compared to those of normal spinal cords, and declined thereafter to the normal level at 9 PI ([Fig. 2](#F2){ref-type="fig"}). This finding suggests that irradiation stimulates the expression of GFAP in the spinal cords of rats.

Immunohistochemical staining of caveolin-1 in spinal cords with irradiation
---------------------------------------------------------------------------

Immunohistochemical analysis was applied to visualize the cell phenotype expressing caveolin-1 in the spinal cords of normal control and irradiated rats. In the normal control rats, caveolin-1 was weakly immunostained in some vascular endothelial cells, neurons, and some glial cells ([Fig. 3A&C](#F3){ref-type="fig"}). The immunoreactivity of caveolin-1 was intense in some vascular endothelial cells, neurons, and glial cells from the spinal cords of irradiated rats at day 1 PI ([Fig. 3B&D](#F3){ref-type="fig"}). These findings indicate that various CNS cells, including glial cells, are responsive to irradiation with a concomitant increase of caveolin-1.

Double-immunofluorescence of caveolin-1 and GFAP in spinal cords of irradiated rats
-----------------------------------------------------------------------------------

A double-labeling experiment was performed to identify the cell phenotype expressing caveolin-1, and to determine whether hypertrophied astrocytes contain enhanced levels of caveolin-1. This is based on the knowledge that astrogliosis is a prominent feature of radiation injury. Using double-immunofluorescence, both caveolin-1- ([Fig. 4A](#F4){ref-type="fig"}) and GFAP- ([Fig. 4B](#F4){ref-type="fig"}) positive astrocytes were rarely observed in the normal spinal cords ([Fig. 4C](#F4){ref-type="fig"}), while the number of caveolin-1- ([Fig. 4D](#F4){ref-type="fig"}) and GFAP- ([Fig. 4E](#F4){ref-type="fig"}) positive cells was more abundant at day 1 PI ([Fig. 4F](#F4){ref-type="fig"}). These findings suggest that the expression of caveolin-1 is increased in hypertrophied astrocytes in the spinal cord after irradiation.

Discussion
==========

This is the first study to confirm the increased expression of caveolin-1 in the spinal cord after irradiation. Based on Western blot analysis of caveolin-1, our results suggest that the expression of caveolin-1 transiently increases in spinal cords at day 1 post-irradiation. Immunohistochemical data was largely matched with those of Western blot analysis. In particular, we have found that constitutively expressed caveolin-1 was enhanced in some glial cells, vascular endothelial cells, and neurons in the spinal cord at day 1 PI.

There is general agreement that caveolin-1 has two contradictory functions, in cell proliferation and cell death \[[@B14],[@B17],[@B20]\]. Although many studies have focused on the suppressive role of caveolin-1 in various cell types, caveolin-1 has also been known to be involved in cell proliferation. In the present study, we only examined the intimate relationship between caveolin-1 and hypertrophied astrocytes. This relationship exists because irradiation has been found to induce the increased expression of GFAP *in vivo* \[[@B8],[@B10]\], and concomitantly increased the expression of caveolin-1 in the present study. This finding is further supported in highly proliferative glial cell lines \[[@B4],[@B17]\] and hypertrophied astrocytes in the spinal cord with experimental autoimmune encephalomyelitis \[[@B16]\].

Regarding the involvement of astrocyte hypertrophy in the CNS after irradiation, we have indirectly confirmed that GFAP and caveolin-1 are intimately associated in the same cells after irradiation. In line with the same patterns of caveolin-1 and GFAP after irradiation, we postulate that increased expression of caveolin-1 is associated with activation of intermediate filaments of astrocytes leading to astrogliosis in this study.

Vascular endothelial cells contain a number of lipid raft proteins, including caveolin-1. In the present study, we found that caveolin-1 was constitutively expressed in vascular endothelial cells in normal animals, and its expression was enhanced after irradiation. Under the condition of irradiation, it has been reported that endothelial apoptosis initiates the disruption of the acute blood-brain barrier following ionizing radiation \[[@B11]\], resulting in the leakage of plasma into CNS tissues. Based on the previous report, we do not exclude the possibility that caveolin-1 is partially involved in the apoptosis of vascular endothelial cells. Collectively, we only prefer to agree that the role of caveolin-1 in CNS cells depends on the cell types and duration of time after irradiation. Further study is needed to examine whether the caveolin-related astroglial reaction after irradiation is neuroprotective or detrimental in immunologically privileged CNS tissues.

Taking all of these findings into consideration, we postulate that irradiation transiently induces the increased expression of caveolin-1 in a variety of CNS cells, and that caveolin-1 in certain cell types, including astrocytes, may elicit cell activation, leading to astrocyte hypertrophy.
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![Western blot analysis of caveolin-1 in the spinal cords of normal and irradiated rats. A: Representative photomicrographs of caveolin-1 (upper panel) and β-actin (lower panel) expression in normal and irradiated spinal cords (at days 1, 4, and 9 PI). A single band was seen with the approximate molecular weight of caveolin-1 (22 kDa). The β-actin level is shown in the same blot. B: The bar graph denotes a significant increase in caveolin-1 immunoreactivity in the spinal cord after irradiation at day 1 PI; its expression returned to a normal level at days 4 and 9 PI. Data are the means ± SD of five samples at each time point. ^\*^*p* \< 0.05 vs. normal controls.](jvs-7-309-g001){#F1}

![Western blot analysis of GFAP in normal and irradiated spinal cords. A: Representative photomicrographs of GFAP (upper panel) and β-actin (lower panel) expression in normal and irradiated spinal cords (at days of 1, 4, and 9 PI). B: The bar graph shows a significant increase in GFAP immunoreactivity in the spinal cord after irradiation at days 1 and 4 PI; its expression returned to a normal level at day 9 PI. Data are the means ± SD of five samples at each point. ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01 vs. normal controls.](jvs-7-309-g002){#F2}

![Immunohistochemical staining of caveolin-1 in the spinal cords of normal control and irradiated rats at day 1 PI. In the normal control spinal cord, caveolin-1 was detected in some vascular endothelial cells (arrowhead), glial cells (A, arrow), and neurons (C, arrowheads). In the spinal cords of rats after irradiation, intense immunostaining of caveolin-1 was detected in some vascular endothelial cells (asterisk), glial cells (B, arrows), and neurons (D, arrowheads) at day 1 PI. A-D: counterstained with hematoxylin. bars = 30 µm.](jvs-7-309-g003){#F3}

![Double immunofluorescence of caveolin-1 and GFAP in the spinal cords of normal and irradiated rats (day 1 PI). Co-localization of caveolin-1 (A, green, arrow) and GFAP (B, red, arrow) in the normal spinal cords was few (C, merge, arrow), while co-expression of caveolin-1 (D, green, arrows) and GFAP (E, red, arrow) was detected more bundantly at day 1 PI (F, merge, arrows) in the irradiated spinal cords. \"V\": vascular endothelial cells. bars = 30 µm.](jvs-7-309-g004){#F4}
